Pertussis toxin (PT) and filamentous hemagglutinin (FHA) are two major virulence factors of Bordetella pertussis. FHA is the main adhesin, whereas PT is a toxin with an A-B structure, in which the A protomer expresses ADP-ribosyltransferase activity and the B moiety is responsible for binding to the target cells. Here, we show redundancy of FHA and PT during infection. Whereas PT-deficient and FHA-deficient mutants colonized the mouse respiratory tract nearly as efficiently as did the isogenic parent strain, a mutant deficient for both factors colonized substantially less well. This was not due to redundant functions of PT and FHA as adhesins, since in vitro studies of epithelial cells and macrophages indicated that FHA, but not PT, acts as an adhesin. An FHA-deficient B. pertussis strain producing enzymatically inactive PT colonized as poorly as did the FHAdeficient, PT-deficient strain, indicating that the ADP-ribosyltransferase activity of PT is required for redundancy with FHA. Only strains producing active PT induced a local transient release of tumor necrosis factor alpha (TNF-␣), suggesting that the pharmacological effects of PT are the basis of the redundancy with FHA, through the release of TNF-␣. This may lead to damage of the pulmonary epithelium, allowing the bacteria to colonize even in the absence of FHA.
Many bacterial pathogens produce adhesins and toxins to express their pathogenic potential. Although they are often studied as separate entities, it is possible that in some instances they act in a synergistic or in a redundant way. Redundancy among adhesins has previously been shown (40) ; however, redundancy between a toxin and an adhesin has not yet been demonstrated. Bordetella pertussis is a human pathogen that causes whooping cough after adherence to and colonization of the respiratory tract. B. pertussis synthesizes a number of virulence factors (16) , whose production is under the control of a regulatory locus named bvg. Among them, filamentous hemagglutinin (FHA) and pertussis toxin (PT) have been proven to protect against bacterial infection (4, 31, 35) and are part of the present acellular vaccines. FHA is a monomeric protein of 220 kDa and has a filamentous structure (20) . It is both surface exposed and secreted by B. pertussis. FHA is considered to be the main adhesin of B. pertussis (18) and contains at least three distinct binding sites: a glycosaminoglycan and a carbohydrate binding sites (10, 27) and an arginine-glycine-aspartate (RGD) sequence involved in binding to the CR3 integrin of macrophages (28) . PT is an ADP-ribosylating toxin, belonging to the AB 5 family of toxins (17) and is secreted into the extracellular milieu. PT consists of five subunits, named S1 to S5, and can be divided into two functional moieties. The A protomer, corresponding to the S1 subunit, expresses the ADP-ribosyltransferase activity. The B oligomer, composed of subunits S2 to S5, mediates binding of PT to its target cell receptors through the carbohydrate recognition domains of the S2 and S3 subunits (43) . Several cell types, including erythrocytes, leukocytes, macrophages, and ciliated cells (33, 41, 43) , display PT receptors on their surface whose precise identity still remains unknown. Although the B oligomer is essentially involved in binding of PT to target cells prior to translocation of the enzymatic S1 subunit, it is by itself also responsible for several biological activities, such as hemagglutination, T-cell mitogenicity, and initiation of signal transduction in target cells (25, 30, 37) .
Many reports have established that FHA and PT are necessary for an optimal colonization of the respiratory tract by B. pertussis. Synergy between FHA and PT has also been suspected and has been ascribed to adhesin activities of FHA and PT (40) on macrophages (28, 34) and/or epithelial cells (39, 41) . However, redundancy between FHA and PT has not yet been investigated during infection in vivo.
In this study, we show that FHA and PT are redundant during B. pertussis colonization of the mouse respiratory tract. This redundancy between both factors requires the enzymatic activity of PT rather than its adhesin activity, showing for the first time redundancy of an adhesin and a toxin as such during bacterial infection in vivo.
MATERIALS AND METHODS
B. pertussis strains and growth conditions. The B. pertussis strains used in this study are listed in Table 1 . They all derived from the Tohama I strain (24) and were grown on Bordet-Gengou (BG) agar (Difco, Detroit, Mich.) supplemented with 1% glycerol, 20% defibrinated sheep blood, and 100 g of streptomycin (Sigma Chemical Co., St Louis, Mo.)/ml, and, when appropriate, 20 g of ampicillin (Sigma)/ml, at 37°C for 72 h. Liquid cultures of B. pertussis were performed as described previously (23) in Stainer-Scholte medium containing 1 g of heptakis(2,6-di-o-methyl) ␤-cyclodextrin (Sigma)/liter. For cell adherence and macrophage invasion assays, exponentially growing B. pertussis was inoculated at an optical density of 0.15 at 600 nm in 2.5 ml of Stainer-Scholte medium and grown for 24 h at 37°C. For adherence studies, the bacteria were grown in the presence of (19) to delete the fhaB gene from the chromosome of PT-deficient B. pertussis BPRA (2). Consequently, this strain is PT and FHA deficient. B. pertussis BPDR-RE was constructed by introducing pPT-RE into the chromosome of BPDR by a single homologous recombination event. pPT-RE is a pPT2 derivative (1), containing the PT genes with mutations resulting in the R9K and E129G substitutions in the S1 subunit (15) . The recombinant strain was selected on BG plates containing streptomycin and ampicillin. All strains produced normal amounts of fimbriae, as did the FHA-deficient strain BPGR4 (19) .
Cells and growth conditions. Human pulmonary (A549; ATCC no. CCL-185) and tracheal (HEp-2; ATCC no. CCL-23) epithelial cell lines were cultured in RPMI containing sodium penicillin G (1,000 U/ml) and streptomycin (50 g/ml) (Gibco), 2 mM L-glutamine (Gibco), and 10% heat-inactivated fetal calf serum (Gibco) using uncoated tissue culture flasks and 24-well plates (Costar). The murine alveolar macrophage cell line MH-S (ATCC no. CRL-2019) was propagated in uncoated tissue culture flasks and 24-well plates (TPP) in the same RPMI-based medium as described above, supplemented with 1.5 g of sodium bicarbonate (Gibco)/liter, 4.5 g of glucose (Gibco)/liter, 10 mM HEPES (Gibco), 1 mM sodium pyruvate (Gibco), and 50 M 2-␤-mercaptoethanol (Gibco). Cells were detached mechanically by scraping. Dendritic cells were prepared from mouse spleen as described previously (21) . Briefly, the mice received 10 g of soluble flt3 ligand (Immunex, Seattle, Wash.) for 9 consecutive days, after which the spleen and mesenteric lymph nodes were harvested, treated with collagenase D (Boehringer Mannheim, Mannheim, Germany), and incubated with magnetic microbeads conjugated to hamster anti-mouse CD11c monoclonal antibodies (clone N418; Miltenyi Biotech, Auburn, Calif.). The CD11c ϩ dendritic cells were then purified over a magnetically activated cell sorter.
Cell adherence assay. For 2 days in 24-well plates, 2 ϫ 10 5 cells per well were cultured. Cells were washed once with RPMI medium before addition of 4 ϫ 10 6 35 S-labeled bacteria per well and incubation for 1 h 30 min at 37°C with 5% CO 2 . All bacterial strains were grown in parallel under the same conditions and harvested at the same growth phase. After three washes with RPMI to remove nonadherent bacteria, the mammalian cells were lysed with 0.5% sodium dodecyl sulfate. Whole lysates were quantified by liquid scintillation counting. The experiments were performed three times independently in triplicate.
Macrophage invasion assay. Macrophages were grown and treated as described above. B. pertussis organisms were added at a multiplicity of infection of 20 and incubated for 1 h at 37°C with 5% CO 2 . After three washes in RPMI to remove nonadherent bacteria, RPMI containing 100 g of gentamicin (Sigma)/ml was added to kill extracellular bacteria. After 2 h, macrophages were washed three times and lysed in 300 l of sterile distilled water. Serial dilutions were then plated onto BG agar to determine the number of viable bacteria in each well. The experiments were performed twice independently in triplicate.
i.n. infection of mice. B. pertussis grown on BG agar was suspended in sterile PBS and adjusted to a concentration of approximately 2.5 ϫ 10 8 CFU/ml. Infections were performed by the intranasal (i.n.) route with 20 l of the bacterial suspension deposited in the nostrils of 4-week-old female OF1 outbred mice (Iffa Credo, L'Arbresle, France), anesthetized (5) with a cocktail of physiological water containing 20% (vol/vol) Immalgen 1000 (Merial, Lyon, France), 10% atropine (Aguettant, Lyon, France), and 6% valium (Roche, Neuilly-surSeine, France), given intraperitoneally (150 l per 20 g of body weight). At indicated time points, the lungs were aseptically removed and homogenized in PBS. Serial dilutions from individual lungs were plated onto BG agar, and the numbers of CFU were determined after 3 to 4 days of incubation at 37°C. The in vivo stability of pPT-RE in B. pertussis BPDR-RE was controlled at each time point by plating bacteria simultaneously onto BG agar containing streptomycin and onto BG agar containing streptomycin with ampicillin. The parent strain did not grow on 20 g of ampicillin/ml after 5 days, whereas the recombinant strain formed distinct colonies after 3 days. Four OF1 mice per time point and per group of mice were assessed, and the experiments were performed five times independently. All animal studies were carried out under the guidelines of the Institut Pasteur animal study board.
TNF-␣ detection. Bronchoalveolar lavage (BAL) fluids were recovered by a single lavage with 0.5 ml of sterile PBS and centrifuged for 30 s at 9,300 ϫ g to remove cells. The BAL fluids were stored at Ϫ80°C until assayed for the presence of tumor necrosis factor alpha (TNF-␣). TNF-␣ was quantified using the Quantikine M murine detection kit (R&D Systems, Wiesbaden, Germany). Results are expressed as picograms per milliliter. Experiments were done three times independently in triplicate.
Statistical analysis. The results were analyzed using the unpaired Student t test. Differences were considered significant at a P value of Ͻ0.05.
RESULTS
Redundancy of FHA and PT in lung colonization by B. pertussis. In order to determine the relative contributions of FHA and PT in lung colonization, mice were i.n. infected with B. pertussis BPSM or with its derivatives BPRA (⌬PT), BPGR4 (⌬FHA), or BPDR (⌬FHA ⌬PT). BPSM showed a typical colonization profile with a multiplication peak 3 days after inoculation followed by a progressive clearance during the next 3 weeks (Fig. 1A) . The colonization profiles obtained with BPRA ( Fig. 1A) and BPGR4 (Fig. 1B) were similar to that of BPSM, indicating that the absence of either PT or FHA did not significantly affect the lung colonization.
When both PT and FHA were absent, such as in B. pertussis BPDR, no multiplication peak was observed (Fig. 1B) , indicating that either PT or FHA is needed for optimal colonization of B. pertussis in mice.
In vitro adherence of B. pertussis strains. As PT has been proposed elsewhere to act as an adhesin (40, 41) , we studied the adherence of BPSM and its derivatives BPRA, BPGR4, and BPDR to the following cell lines: the murine alveolar macrophages MH-S, the human tracheal epithelial cells HEp-2, and the human pulmonary epithelial cells A549. We also tested adherence to a primary culture of dendritic cells differentiated from murine splenocytes. The absence of PT did not affect adherence to either cell line (Fig. 2) , whereas adherence of the FHA-deficient BPGR4 and BPDR strains, regardless of the presence of PT, was significantly reduced compared to that of the parent strain. Moreover, the addition of up to 25 g of purified PT/ml to BPRA did not increase adherence to the MH-S cells (data not shown).
To test whether PT could affect the invasiveness of B. pertussis into macrophages, we compared the invasion by PTdeficient strains with that by PT-producing isogenic strains. As shown in Fig. 3 , the PT-deficient BPRA invaded MH-S cells as efficiently as did BPSM. On the other hand, the FHA-deficient BPGR4 and BPDR strains were not internalized.
These results indicate that FHA, but not PT, is involved in adherence to pulmonary and tracheal epithelial cell lines and in invasion of B. pertussis into macrophages.
Role of the enzymatic activity of PT in the lung colonization by FHA-deficient B. pertussis. Since PT did not appear to act as an adhesin in the in vitro tests, we investigated the role of its ADP-ribosyltransferase activity in the redundancy with FHA in establishing colonization in vivo. An FHA-deficient B. pertussis strain producing an enzymatically inactive PT was therefore constructed. The ptx genes harboring mutations leading to the R9K and E129G substitutions in the S1 subunit of PT were introduced by homologous recombination into the chromosome of BPDR, resulting in the BPDR-RE strain. Both substitutions abolish the ADP-ribosyltransferase activity of PT (15) . Immunoblot analysis of culture supernatants showed that PT-RE is efficiently produced and secreted by BPDR-RE (data not shown). The genetic constructs were stable even in the absence of selective pressure. No growth deficit was observed compared to the wild-type strain or the toxin-deletion mutant. As shown in Fig. 4 , following an i.n. inoculation of BPDR-RE, no significant increase in the numbers of bacteria was observed in the lungs between days 3 and 5 compared to 3 h postinfection, similar to what was observed with the FHA-and PTdeficient BPDR strain. These results demonstrate that production of enzymatically active PT is important for cooperativity with FHA during B. pertussis infection of the mouse respiratory tract. Moreover, no necrotic lesions were observed in mouse lungs during the course of infection with BPDR-RE, in contrast to what is seen after infection with active toxin-producing B. pertussis strains, indicating that the ADP-ribosyltransferase activity of PT is responsible for the lung lesions observed after an i.n. infection with B. pertussis, consistent with earlier reports (12) . Interestingly, we observed a rapid decrease of the number of BPDR-RE organisms beginning 10 days after the challenge, with a total clearance in less than 20 days. This was not seen in mice infected with BPDR, suggesting that the production of inactive PT reduces the persistence of B. pertussis in mouse lungs more than does the absence of PT. The bacteria isolated from the animals over the entire duration of the experiment remained resistant to ampicillin and produced PT-RE, indicating that the construct was stable in vivo.
Local production of TNF-␣. Since the enzymatic ADP-ribosyltransferase activity of PT appears to be important for the observed redundancy with FHA in infection, we reasoned that this might be due to the pharmacological effects of PT on the host immune system rather than to its putative role as an adhesin. This prompted us to investigate the production of TNF-␣, a cytokine transiently released into the BAL fluids early during B. pertussis infection (29) that induces inflammation which might facilitate infection even of FHA-deficient strains. Alternatively, it might up-regulate the immune response and facilitate clearance.
As shown in Fig. 5 , after an initial burst of TNF-␣ in the BAL fluids of mice infected with any one of the three B. pertussis strains, only mice infected with BPGR4, producing active PT, showed a transiently increased level of TNF-␣ in BAL fluids 6 days after infection. In the mice infected with either BPDR or BPDR-RE producing inactive PT, the levels of TNF-␣ in the BAL fluids remained close to the baseline. The levels of TNF-␣ induced after infection with BPGR4 were similar to those observed previously with other PT-producing strains (29) . These results indicate that the production of enzymatically active PT induces the release of TNF-␣ in the BAL fluids upon i.n. infection with B. pertussis and suggest that this may be the basis for the redundancy with FHA to optimize B. pertussis infection.
Coinfection with BPDR and BPDR-RE. Since the production of inactive toxin by B. pertussis results in faster clearing from the lungs than that in the absence of toxin, we wondered whether even enzymatically inactive toxin might induce general immunity against B. pertussis. This could conceivably occur via the binding activities of the B oligomer, since it has been shown elsewhere that the B oligomer expresses mitogenic activity on lymphocytes independently of the ADP-ribosyltransferase activity of PT (15, 25) , which could of course increase the immune responses against B. pertussis. In that case, coinfection with BPDR and BPDR-RE would be expected to result in rapid clearing of both strains simultaneously. We therefore coinfected OF1 mice with both strains and monitored their presence in the lungs over time. The two strains could be distinguished because of their different antibiotic resistance patterns. As shown in Fig. 6 , the course of colonization of BPDR was not affected by the presence of BPDR-RE in the lungs of the same mouse. Only BPDR-RE was rapidly cleared, and BPDR persisted longer. These results show that the production of enzymatically inactive yet mitogenic toxin does not induce general clearance but that the more rapid clearance of BPDR-RE than of BPDR is somehow due to the presence of enzymatically inactive PT on the surface of that particular B. pertussis organism.
DISCUSSION
The role of individual B. pertussis virulence factors in the mouse respiratory infection model has been intensively studied by a number of investigators (7, 9, 12-14, 32, 44, 45) . Although FHA is an important adhesin, FHA-deficient B. pertussis strains have been reported previously to colonize the mouse respiratory tract nearly as efficiently as do the wild-type parent strains (9, 12-14, 44, 45) , which has led to the assumption that several adhesins may have redundant functions (40) . In this study, using isogenic B. pertussis strains we confirm that the mere absence of FHA does not affect the mouse colonization in any important way, since BPSM and BPGR4 appeared to PERTUSSIS TOXIN-FILAMENTOUS HEMAGGLUTININ REDUNDANCYcolonize the mouse lungs equally well, at least at the high challenge doses used here. Furthermore, PT-deficient BPRA also colonized the mouse respiratory tract with the same efficiency as that of the wild-type parent strain BPSM. Previous studies have suggested that PT-deficient strains may sometimes be cleared somewhat faster than PT-producing strains (7, 12, 13, 45) . These differences may be due to the doses of B. pertussis organisms used. Goodwin and Weiss (9) showed that, at low challenge doses (500 bacteria), PT-deficient B. pertussis was cleared much faster from the lungs of infant BALB/c mice than were PT-producing strains, whereas at higher doses (5 ϫ 10 4 CFU) infection by the mutant persisted as long as that by the parental strain. Therefore, the doses used in this study (5 ϫ 10 6 ) are probably too high to allow us to observe a difference of persistence between BPRA and BPSM.
Although the absence of either PT or FHA did not appear to affect colonization at the doses used in this study, the simultaneous absence of the two virulence factors affected colonization substantially, as after infection with BPDR the characteristic peak of multiplication seen at 3 to 6 days with wild-type B. pertussis was not observed. This suggests either that both factors express redundant adhesin functions, as previously suggested (28, 34, 39, 40) , or that they are redundant by a different mechanism.
To test whether PT acts as an adhesin, adherence of FHAand/or PT-deficient strains to several cell lines, including epithelial cells and macrophages, was investigated. In all cases, only FHA, not PT, was required for cell adherence of B. pertussis. These results are in agreement with several recent reports (3, 11, 42) . However, PT-deficient B. pertussis has previously been shown to adhere less than normal B. pertussis to human and rabbit ciliated respiratory epithelial cells (40, 41) , suggesting that it might act as an adhesin, an activity allocated to its carbohydrate binding sites located in the B moiety of the toxin (17, 33) . Purified PT can indeed bind to the surface of bronchial and laryngeal cells in a dose-dependent fashion (42) .
However, preincubation of bronchial cells with purified PT inhibited the adherence of both PT-deficient and parental strains, and adherence of PT-deficient B. pertussis to both epithelial cell lines was similar to that of the parental strain (42) , similar to what is observed in this study, suggesting that, unlike FHA, PT plays no significant role as an adhesin in vivo.
In this study, we also demonstrate that PT does not affect the invasiveness of B. pertussis into murine alveolar macrophages, although others (8, 28, 43) have suggested that PT mediates adherence and uptake of B. pertussis into human monocytederived macrophages through the carbohydrate recognition domains of both the S2 and S3 subunits. It is possible that differences in structure between the differentiated and specialized alveolar macrophages (22) and blood-derived mononuclear cells may explain these conflicting results.
Instead of being related to the adhesive properties of PT, we found that the redundancy with FHA during a B. pertussis infection is due to the enzymatic ADP-ribosyltransferase activity of PT, since an FHA-deficient mutant producing a correctly assembled toxin with alterations in the active site colonized as poorly as did a PT-and FHA-deficient strain. These results indicate that the redundancy between PT and FHA during colonization by B. pertussis depends on the pharmacological effects of PT, which are likely to be on the immune system of the host. This assumption is supported by the observation that only PT-producing strains induce the local release of proinflammatory cytokines such as TNF-␣ and that this release requires PT to be enzymatically active. Previous studies have shown that PT induces the production of TNF-␣ by monocytes in vitro (6, 26, 38) . We therefore hypothesize that the release of TNF-␣ leading to inflammation in the lungs and to pulmonary necrotic lesions may favor colonization by B. pertussis in an FHAindependent manner and that, in the absence of such lesions, FHA is essential for colonization. Alternatively, TNF-␣ might up-regulate the immune response of the host and somehow facilitate clearance especially of FHA-deficient strains.
Interestingly, we observed that BPDR-RE producing inactive PT was cleared more rapidly from the lungs than was BPDR producing no toxin at all. This result demonstrates that the expression of an inactive PT is more detrimental to the bacterium than is the absence of PT. That this was not due to residual pharmacological effects of enzymatically inactive toxin on the immune system, perhaps via the adherence activities of the toxin, was demonstrated by the fact that, even during coinfection with BPDR and BPDR-RE, the strain producing inactive toxin was cleared faster than was the PT-deficient strain. The difference was also not due to a growth defect of BPDR-RE compared to BPDR, since it appeared only after at least 10 days of infection, at the time at which the immune response kicks in, and not early during infection, when a growth defect would be expected to have a major impact. In addition, BPDR and BPDR-RE showed the same growth rates in vitro. It is therefore likely that faster clearance of BPDR-RE than of BPDR is due to the presence of inactive toxin on the surface of B. pertussis BPDR-RE as a direct target for action of the immune system of the host.
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